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Introduction

Glioma is among the most common neural malignancies in adults.
Prognosis depends heavily on the histological grade of the tumor,
with the poorest survival rates associates with the most malignant
phenotypes [1]. Despite advances in radiation and chemotherapy
following surgical resection of the tumor, the prognosis of grade
IV malignant glioma, termed glioblastoma (GBM), remains poor,
with an average survival time of less than 1 year [2,3]. For this
reason, a great deal of research has been devoted to identifying the
molecular mechanisms that contribute to malignant progression

and invasive growth of glioma [4,5].

The major function of the canonical B-catenin pathway is to
regulate cell differentiation and proliferation during development
through the B-catenin/T-cell factor-mediated activation of target

© 2012 Blackwell Publishing Ltd

SUMMARY

Aims: MicroRNA-21 (miR-21) expression is increased in many types of human malignancy,
including glioma. Recent studies report that miR-21 regulates cell invasion by targeting
RECK, however, the underlying transcriptional regulation of miR-21 in glioma cells re-
mains elusive. Results: Here, we identify a positive correlation between miR-21 expression
and pathological grade in glioma tissues. We demonstrate that -catenin pathway regulates
miR-21 expression in human umbilical vein endothelial cell and glioma cells, and that this
regulation is signal transducer and activator of transcription 3 (STAT3)-dependent. Further,
chromatin immunoprecipitation and luciferase reporter analysis demonstrate that miR-21
is controlled by an upstream promoter containing a conserved STAT3 binding site. Notably,
knockdown of miR-21-inhibited cell invasion by increasing RECK expression and decreased
tumor growth in a xenograft model. Conclusion: These data provide compelling evidence
that B-catenin regulation of miR-21 via STAT3 plays a role in glioma cell invasion and pro-
liferation and indicate that STAT3 is a potential therapeutic target for glioma intervention.

genes [6]. Altered function of components of the canonical g-
catenin pathway is associated with cancer, as this complex reg-
ulates transcription of multiple genes involved in cellular prolif-
eration, differentiation, invasion and apoptosis, including STAT3,
c-myc, and cyclin D [7,8]. The sustained activation of the B-catenin
pathway has been reported in glioma cells [9]. We have con-
firmed downregulation of S-catenin pathway suppressed glioma
cell proliferation and invasion ability in vitro and tumor growth in
vivo [10]. Previously, B-catenin pathway was suggested to regu-
late STAT3 at the mRNA and protein level, suggesting that STAT3
maybe a direct target of B-catenin pathway. Further investigation
confirmed that the B-catenin/TCF4 complex directly bound to the
TCF4 binding element site of the STAT3 gene promoter [11]. These
data confirm that STATS3 is regulated by B-catenin pathway on the
transcriptional level.
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B-catenin pathway has been found to regulate the expression
of microRNAs (miRNAs), which may play a role in B-catenin-
induced invasion ability [7]. miRNAs are small, noncoding RNAs
consisting of 20-22 nucleotides that participate in the spatiotem-
poral regulation of messenger RNA and protein synthesis [12,13].
Emerging evidence suggests that miRNAs are involved in many
critical biological processes, including development, differentia-
tion, apoptosis, proliferation, and invasion. As such, miRNA have
gained attention as novel targets for cancer therapy. Recent stud-
ies have showed that the GBM strongly overexpresses a specific
miRNA, miR-21 [14,15]. Indeed, previous reports from our labo-
ratory identified a 7-fold increase in miR-21 expression in glioma
cell lines compared to normal brain tissue [16]. Further, several
reports indicate that control of miR-21 expression at the transcrip-
tional level is regulated by STAT3, in human glioma cells [17] as
well as myeloma and prostate cancer cells [18,19]. Accordingly,
we examined whether B-catenin pathway regulates miR-21 ex-
pression, and the potential role of STAT3 in its regulation.

Therefore, in these studies, we intended to examine whether
the B-catenin pathway transcriptionally regulated miR-21 expres-
sion in cultured glioma cells in a STAT3-dependant manner. More-
over, we also tested the effects of miR-21 expression on tumor
growth and invasion via regulating expression of RECK in a hu-
man glioma xenograft model. Finally, we analyzed the expression
of miR-21 in 93 glioma tissue samples of different grades, correlat-
ing the expression of miR-21 with tumor grade.

Materials and Methods
Human Tissue Samples

These studies were approved by the Tianjin Medical University,
Tianjin Huanhu Hospital, and Capital Medical University Institu-
tional Review Board for Human Use. Ninety-three freshly resected
glioma samples were collected at the Department of Neurosurgery
at Tianjin Medical University General Hospital, Tianjin Huanhu
Hospital, and Capital Medical University Tiantan Hospital. Tissue
and clinical information were obtained as part of an approved
study at the university. The neuropathologist reviewed the clinical
diagnoses to classify the pathological grade of the samples accord-
ing to WHO (World Health Organization) categories (2007). Sam-
ples included 46 cases of WHO I-1I grade tumors (42 cases of astro-
cytoma and 4 cases of pilocytic astrocytoma), 16 cases of anaplastic
astrocytomas (WHO 1III grade) and 31 cases of glioblastoma (WHO
IV grade). Seven normal brain tissue samples were obtained from
internal decompression of patients with cerebral injury and tem-
poral lobe resection for epilepsy. A portion of each tissue sam-
ple was snap frozen in the liquid nitrogen following resection and
stored at —80°C for isolation of RNA, and the remaining portion
was fixed with 10% formalin for histopathological examination
[10].

MiR-21 Detection by In Situ Hybridization

In situ hybridization detection of miR-21 in glioma samples and
xenograft glioma sections was performed as previously described
[16]. LNA/DNA oligonucleotides contained locked nucleic acids
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at eight consecutive centrally located bases (indicated by the
underline) and had the following sequences: LNA-miR-21 5'-
TCAACATCAGTCT GATAAGCTA-3'.

gRT-PCR Analysis of miR-21 Expression

qRT-PCR analysis of miR-21 expression in glioma samples was
performed as previously described [16]. In brief, total RNA from
samples was extracted by Trizol (Invitrogen, USA) and subjected
to reverse transcription using a first-strand cDNA synthesis kit (In-
vitrogen, USA) according to the manufacturer’s instructions. The
quantitative analysis of the change in expression levels was calcu-
lated by real-time PCR machine (7500 ABI, USA). For detection
of miR-21, the TagMan MicroRNA assay kit (Applied Biosystems,
USA) was used according to the manufacturer’s instructions.

miR-21 DNA Copy Number Analyses by RT-PCR

The miR-21 locus was analyzed for homozygous deletion and
gene amplification by RT-PCR assay (forward primer: TTTCTTGC-
CGTTCTGTAAGTG, reverse primer: TG GATATGGATGGTCAGAT-
GAA). The PCR products were separated by electrophoresis in
2% agarose gels, and the ethidium bromide-stained bands were
recorded with a gel documentation system (UVP, Upland, CA,
USA). Quantitative analysis of the signals obtained for miR-21 lo-
cus was performed with Quantity One software (Bio-Rad, USA).

Cell Culture

Human glioma cell lines (U251, LN229 and SNB19) and human
umbilical vein endothelial cell (HUVEC) were utilized in this study
and cultured as reported previously [20].

Virus Production, Plasmids, and Oligonucleotides

Human mutant B-catenin expression plasmid was kindly pro-
vided by Jinquan Cheng (Departments of Molecular Oncology,
H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL,
USA). The mutant B-catenin was inserted into pcDNA3 vector by
Kpnl/Apal and Pstl/Pstl, respectively. Shuttle vector pShuttle-
CMV and adenoviral vector pAdxsi were obtained from Sinogeno-
max Co., Ltd. (Beijing, China). Mut-8-catenin cDNA was digested
from the pcDNA3 backbone and subcloned into pShuttle-CMV,
then transferred into pAdxsi adenovirus backbone, cloned in
HEK293 and titered to construct the virus vector encoding mutant
B-catenin expression (rAd-mut-g-catenin). HUVEC cells grown to
60% confluence were transduced with rAd-mut-S-catenin at a
multiplicity of infection (MOI) of 100.

The pMIR-21-Report-Luc reporter plasmid was purchased
from Signosis (Signosis, CA, USA). The mature miR-21
binding sequence was subcloned into a firefly luciferase-
based reporter construct immediately downstream of Luc
coding sequence, using SPEl/HindlII as follow: ACTAGT
TCAACATCAGTCTGATAAGCTAAAGCTT. The target site un-
derlined is a sequence perfectly complementary to mature

miR-21 that can bind and repress luciferase gene expression.
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Consequently, increased luciferase activity represents decreased
expression and activity of miR-21. The pSTAT3-TA-luc reporter
plasmid was purchased from Beyotime (Jiangsu, China). The hu-
man four STAT3 response elements (underlined) were subcloned
into the luciferase reporter construct immediately down-
stream of the Luc coding sequence, using Xhol/BglIII as follow:
CTCGAGTGCTTCCCGAACGTTGCTTCCCGAACGTTGCTTCCCGA-

ACGTTGCTTCCGAACTAG. The target site underlined is perfectly
complementary to STAT3 and can bind and to induce expression
of luciferase gene expression. The pMir-Report-3'RECK reporter
containing the wild-type RECK 3’ UTR (RECK wt) or RECK
3’ UTR with mutations in the potential miR-21 binding sites
(RECK mut) were kind gifts of Dr. Anna Krichevsky (Depart-
ment of Neurology, Brigham and Women’s Hospital, Harvard
Medical School, MA, USA; Ref. 21]. The 2’-0-methyl (2’-OMe-)
oligonucleotides were chemically synthesized by SBS Genetech
(Beijing, China). The 2’-0-Methyl oligos were composed entirely
of 2’-O-methyl bases with the following sequences: scramble
sequence 5-AAGGCAAGCUGACCCUGAAGU-3/, 2’OMe- miR-21
antisense (AS-miR-21) 5'-GUCAACAUCAGUCUGAUAAGCUA-3
[22]. The target siRNA sequence against B-catenin was 5'-
CAGGGGGUUGUGGUUAAGC UCUU-3. A scramble siRNA
sequence (5-TTCTCCGAACGTGTCACGT-3’) was used as a
control (Gima Biol Engineering Inc., Shanghai, China; Ref. 23].
Cells were transfected using Lipofectamine 2000 (Invitrogen),
following manufacture’s instruction.

Western Blot, Inmunohistochemistry, Transwell,
and Luciferase Reporter Assay

Western blot, immunohistochemistry, and Transwell assays were
performed as previously described [24]. For reporter assays, cells
were cultured in 96-well plates and transfected with luciferase re-
porter plasmid. Following 48 h incubation, luciferase activity was
measured using a dual-luciferase reporter system (Promega).

ChIP Assay

HUVEC and U251 cells were cultured to 70% confluence. Cells
were harvested for chromatin immunoprecipitation (ChIP) by
EZ-ChiP kit (Upstate, USA), according to manufacturer’s pro-
tocols. In brief, solubilized chromatin was prepared from a to-
tal of 2x107 cells. The chromatin solution was diluted 10-fold
with ChIP dilution buffer and precleared with protein A beads
and preimmune serum. The precleared chromatin solution was
divided and utilized in immunoprecipitation assays with either
anti-STAT3 (Santa Cruz, USA) or anti-IgG antibody. Following
washing, the antibody-protein-DNA complex was eluted from the
beads. After cross-linking, protein and RNA were removed and
the purified DNA was subjected to PCR with primers specific
for the miR-21 upstream region containing the STAT3 binding
sites, forward: 5-CCTCTGAGAAGAGGGGACAA-3/, reverse: 5'-
ACCGCTTCCAGCAA AAGAGT-3' [18]. Amplified PCR products
were resolved by 1.5% agarose gel electrophoresis and visualized
by Biolmage.

© 2012 Blackwell Publishing Ltd
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Subcutaneous Tumor Model and Gene Therapy

The nude mouse bearing subcutaneous LN229 glioblastoma
xenograft model was performed as previously described [23].
When tumors reached approximately 5 mm in length, the mice
were divided into six groups (6 mice per group) randomly. Two
groups of mice were treated with AS-miR-21 (200 pmol oligonu-
cleotides in 10 L Lipofectamine 2000, local injection, once ev-
ery 3 days for 21 days) or WP1066 (a selective inhibitor of STAT3
phosphorylation, 40 mg/kg, intraperitoneal injection, every other
day until six doses had been given) alone. Mice in another two
groups were co-treated with WP1066 and miR-21 mimics or AS-
miR-21 and siRNA-RECK, respectively. The tumor volume was
measured with a caliper every 3 days, using the formula volume
= lengthx width?/2.

Statistical Analysis

The results presented are the average of at least three experiments
each performed in triplicate with standard errors. Statistical eval-
uation for data analysis was determined by #-test. Differences with
P < 0.05 were considered statistically significant.

Results

miR-21 Expression Correlates with Glioma
Histological Grade

Although miR-21 is known to be aberrantly expressed in ma-
lignant glioma [16], we assessed miR-21 expression in 93 pri-
mary human glioma tissue specimens of various grade to study
the role of miR-21 in glioma tumorigenicity. Using in situ hy-
bridization with a nucleic acid-enhanced miR-21-specific probe,
we identify that miR-21 expression increases with increas-
ing grade (Figure 1A). Although staining in grade I-II tissue
was sparse, specific staining increased in grade III samples and
peaked in grade IV glioblastoma tissue. To confirm the accu-
racy of in situ hybridization, we examined the expression of
miR-21 in each of the 93 samples by qRT-PCR. As shown in
Figure 1(B), the results indicated that miR-21 levels remained
low in grade I-II glioma samples, and significantly increased in
grade III-IV glioma, validating the results observed by in situ
hybridization.

To decipher the mechanism underlying miR-21 overexpression
in glioblastoma, we investigated aberrations in the gene DNA
copy number at the miR-21 locus at 17¢q23.2 by TagMan qPCR.
Analysis revealed no evidence of homozygous deletion or am-
plification of the miR-21 locus in any of the 93 glioma samples
tested (Figure 1C). These results suggest that regulation of miR-
21 expression occurs at the transcriptional or RNase-mediated
posttranscriptional processing level, consistent with many
miRNAs [25].

p-Catenin Signaling Regulates miR-21 Expression

The B-catenin signaling pathway has been implicated in the reg-
ulation of cellular processes such as proliferation, apoptosis, and
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Figure 1 miR-21 expression increases with glioma pathological grade.
In situ examination of miR-21 expression and hematoxylin-eosin stain of
grade -l (A), Il (B) and IV (C) glioma samples. (D) gRT-PCRs of miR-21 ex-
pression, performed with primers specific for mature miR-21, among normal

cell migration that are similarly impacted by miR-21 expression
[16]. To determine whether B-catenin signaling is an upstream
regulator of miR-21 expression, we infected HUVEC cells and
glioma cells with either mutant constitutively active B-catenin
(rAd-mut-B-catenin) or transfected these cells with siRNA spe-
cific for B-catenin, and quantified the effects on miR-21 expres-
sion by qPCR. As one of the hallmarks of activated B-catenin
pathway is the accumulation of cytoplasmic/nuclear B-catenin,
the subcellular distribution of g-catenin and miR-21 expression
in HUVEC and HUVEC cells treated with rAd-mut-S-catenin were
examined by Western blot. Overexpression of S-catenin resulted
in cytoplasmic/nuclear accumulation in HUVEC cells. As shown
in Figure 2(A), cytoplasmic/nuclear accumulation was accompa-
nied by a significant increase in miR-21 expression, as deter-
mined by qPCR (P < 0.05). To confirm the role of B-catenin in
miR-21 expression, B-catenin was knocked down and the im-
pact on miR-21 expression was quantified. Immunoblot analy-
sis and qRT-PCR of total cell lysates confirmed that cellular ex-
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pression of B-catenin and a known downstream target gene, cy-
clin DI, were dramatically decreased in LN229 cells transfected
with siRNA specific for B-catenin (Figure 2B, top-panel). Sim-
ilar findings were observed in SNB19 and U251 cells. Knock-
down of B-catenin was associated with a significant decrease
in miR-21 expression in all three cell lines (Figure 2B, bottom
panel). Collectively, these data indicate that S-catenin pathway
regulates miR-21 expression in human glioma cells and HUVEC
cells.

p-Catenin Regulation of miR-21 Expression is
STAT3-Dependant

As B-catenin pathway activates miR-21 expression, and STAT3 di-
rectly binds to the miR-21 promoter region in human prostate
cancer cells and myeloma cells, we next examined whether
B-catenin-induced miR-21 expression is STAT3-dependent. In
both glioma and HUVEC cell lines, we investigated the effect of

© 2012 Blackwell Publishing Ltd
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Figure 3 p-catenin-mediated regulation of miR-21 expression requires
STAT3. (A) A schematic diagram describing the role of -catenin and STAT3
in the transcriptional regulation of miR-21 in LN229, U251, SNB19 and HU-
VEC cells. (B) Reporter plasmid assays were performed in LN229, U251,
and SNB19 cells transfected with either pSTAT3-TA-luc plasmid or siRNA
silencing of B-catenin expression. Reporter plasmid assays were also per-
formed in HUVEC cells transfected with pSTAT3-TA-luc plasmid or infected
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with rAd-mut-B-catenin. *P < 0.05 compared to scramble groups. (C) Re-
porter plasmid assays of LN229, U251, and SNB19 cells transfected either
with pMIR-21-Report-Luc or with siRNA silencing B-catenin expression and
treated with WP1066. Reporter plasmid assays were also performed in
HUVEC cells transfected with pMIR-21-Report-Luc or infected with rAd-mut-
B-catenin, and treated with WP1066. Each experiment was repeated eight
times. *P < 0.05.
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Figure 4 ChIP analysis of STAT3 binding to the miR-21 promoter. U251
and HUVEC cells were subjected to chromatin immunoprecipitation (ChIP)
assay, using anti-Stat3. Positive control sample: chromatin immunoprecipi-
tated material obtained with RNA Polymerase Il antibody. Negative control
sample: chromatin immunoprecipitated material obtained with rabit IgG
antibody. Coimmunoprecipitated DNA was amplified by PCR with primers
specific for the miR-21 upstream enhancer.

B-catenin signaling on the transcriptional activity of STAT3 by lu-
ciferase reporter plasmid (Figure 3A). LN229, U251, SNB19, and
HUVEC cells infected with virus encoding S-catenin or transfected
with siRNA specific for 8-catenin were then transfected with the
STATS3 luciferase reporter plasmid pSTAT3-TA-luc. Data indicates
that the transcriptional activity of STAT3 is responsive to -catenin
pathway in each cell line, as knockdown of 8-catenin significantly
reduces luciferase activity while overexpression of B-catenin sig-
nificantly enhances luciferase activity (Figure 3B). To confirm that
B-catenin signaling induced miR-21 via STAT3, the expression of
miR-21 was quantified in these cells with or without the addi-
tion of the STAT3 inhibitor, WP1066 (10 uM, Sigma). Using the
luciferase reporter plasmid, pMIR-21-Report-Luc, the results in-
dicate that when STAT3 activity is inhibited in the presence of
WP1066, B-catenin-induced miR-21 expression was significantly
reduced (Figure 3C). Taken together, these results demonstrate
that STAT3 has an important role in regulating 8-catenin-induced
miR-21 expression.

As STATS3 is required for g-catenin-mediated miR-21 expres-
sion and the putative STAT3 binding site was identified [18], we
next examined whether STAT3 directly binds to the miR-21 pro-
moter by chromatin immunoprecipitation (ChIP) analysis. U251
and HUVEC cells were subjected to ChIP using anti-Stat3 or IgG
isotype control antibodies. Immunoprecipitated DNA was ampli-
fied by PCR with primers specific for the miR-21 upstream en-
hancer. As shown in Figure 4, STAT3 is indeed recruited to the
miR-21 promoter region in both U251 glioma cells and HUVEC
cells. These results indicate that STAT3 regulation of miR-21 ex-
pression in glioma cells occurs via direct binding to the miR-21
promoter.
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miR-21 Regulates Glioma Cell Invasion via RECK

One miRNA usually regulates the mRNA targets in a specific cel-
lular context. Although miR-21 could regulate A172 and LN229
glioma cell invasion by downregulating expression of the MMP in-
hibitors, TIMP, and RECK [21], we further validate whether miR-
21 similarly impact invasive activity of U251 and LN229 cells in
vitro and in vivo.

RECK regulates MMP2/9 expression, two matrix metallopro-
teinases implicated in cell invasion. As miR-21 impacts cell in-
vasion via RECK, we investigated the impact of miR-21 expres-
sion on mRNA and protein levels of RECK, MMP2, and MMP9.
Western blot and qRT-PCR revealed that RECK protein and mRNA
expression was significantly increased upon miR-21 inhibition in
glioma U251 and LN229 cells, whereas MMP2/9 protein expres-
sion was significantly reduced (Figure 5A—-C). To validate that
miR-21 directly regulates RECK mRNA transcription at the pre-
dicted binding sites, we utilized a luciferase reporter plasmid con-
taining the RECK 3'UTR sequences downstream of firefly lu-
ciferase (Figure 5D). LN229 and U251 glioma cells transfected with
active or mutant versions of the RECK luciferase plasmid were
co-transfected with either siRNA specific to miR-21 or a control
scramble oligonucleotide, and luciferase activity was quantified.
The results indicate that RECK is a direct miR-21 target (Figure 5E
and F).

To measure miR-21 effects on glioma cell invasion, we trans-
fected cells with AS-miR-21 or scramble oligonucleotide and em-
ployed a Transwell invasion system. Knockdown of miR-21 ex-
pression significantly reduced the quantity of invasive U251 and
LN229 cells relative to those transfected with scramble oligonu-
cleotide (Figure 6A). Similarly, in an in vivo subcutaneous LN229
tumor xenograft model, knockdown of miR-21 expression with
AS-miR-21 significantly reduced tumor growth compared to
scramble groups (Figure 6B, C). Tumors transfected with AS-miR-
21 displayed significantly enhanced expression of RECK (Figure
6D). These data indicated that miR-21 had a significant impact on
tumor growth and invasion via regulation of RECK.

The Effect of STAT3 and miR-21 on Growth of
Glioma Cells in vivo

To investigate the effect of STAT3 and miR-21 on growth of glioma
cells in vivo, we further co-treated the LN229 tumor xenograft
models with AS-miR-21 and siRNA-RECK or WP1066 and
miR-21 mimics (mimic endogenous mature miRNA molecules).
Notably, this reduced-growth rate phenotype was significantly res-
cued by co-transfection of miR-21 mimics with WP1066, indicat-
ing that STAT3 regulation of glioma cell growth is mediated, at
least partly, by miR-21 (Figure 7). However, this recovered growth
was not markedly observed when AS-miR-21 was co-transfected
with siRNA-RECK, suggesting that RECK is the major factor that
mediates miR-21 function in glioma invasion, not in prolifera-
tion (Figure 6B and C). Taken together, these data might conclude
that the entire pathway (B-catenin/STAT3/miR-21) is critically in-
volved in those phenotypes of invasion and proliferation of glioma
cells.

© 2012 Blackwell Publishing Ltd
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. ) i ) e Homo sapiens IAGUUGUAGUCAGACUAUUCGAUS'
Predicted miR-21 bll’]dlng sites within RECK Gorilla gonila FAGUUGUAGUCAGACUAUUCGAUS'
3’UTRs. Schematic representation of the Macaca mulatta FAGUUGUAGUCAGACUAUUCGAUS'
putative binding sites in RECK mRNAs 3'UTR for Mus museulus FAGUUGUAGUCAGACUAUUCGAUS'
miR-21 (identical seed sequences AUCGAAUA as Sus sofof oDt sen g
a Canis familiaris FAGUUGUAGUCAGACUAUUCGAUS
shown). Sequence alignment of miR-21 and the Bos taurus IUCAGUUGUAGUCAGACUAUUCGAUS'
conserved binding sites among the different
. E=s Fs
vertebrate species. (E and F) LN229 and U251 Q‘r:“: 120 ™ YT E'Elzn- ¥ e
-miR-: miR-
cells were co-transfected with reporter vectors R=] I LN229 I scramble e I U25 1 E scramble
containing the wild-type RECK 3’'UTR (RECK wt) or %m' ﬁ'""'
1=
RECK 3'UTR with a mutated miR-21 binding site £ g0 E s04
(RECK mut) and either anti-miR-21 or scramble g g
oligonucleotide. AS-miR-21 transfection resulted E 604 E 604
in a significant increase in luciferase signal in & P &
RECK wt-, but not RECK mut-transfected cells. 3 5%
Reporter experiments were repeated eight L 204 2 204
times. Data (A-C) represents mean + SEM from E E
three independent experiments. * P < 0.05 R o W
compared to scramble group. RECK RECK mut RECK RECK mut
Discussion potential, and tumorigenesis [7,8]. Specifically, we have demon-
strated that B-catenin pathway regulates glioma cell proliferation
Dysregulation of 8-catenin pathway is observed in many cancers, and invasion, in part via the AKT pathway [10,26] and GSK-38

resulting in aberrant regulation of cell proliferation, metastatic [23]. Here, we report that f-catenin pathway could regulate the
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Figure 6 Inhibition of miR-21 reduces glioma growth and invasion in vitro
andinvivo. (A) The Matrigelinvasion assay was performed on glioma cell lines
(LN229 and U251) transfected with either AS-miR-21 or scramble oligonu-
cleotide. Cells that invaded the matrigel membrane were fixed, stained, and
observed by optical microscopy. Data represents mean + SEM of three
individual fields from three experiments performed in triplicate for each
treatment. *P < 0.05 compared with control and scramble groups. (B) AS-

expression of miR-21 (Figure 2). MiR-21 was found to be overex-
pressed in diverse forms of cancer including glioma, breast cancer,
colorectal cancer, stomach and gastric cancer, lung cancer, hep-
atocellular carcinoma, and prostate cancer [27]. Similar to these
findings, we found that increased expression of miR-21 across
glioma tissues and cell lines [16]. Moreover, we identify a positive
correlation between miR-21 expression and pathological grade in
glioma tissues (Figure 1). Reports from our laboratory and others
have identified roles for miR-21 in glioma cell apoptosis [28-31],
invasion [21], and response to radiotherapy and chemotherapy
[32-35], suggesting that miR-21 may be a good target for thera-
peutic intervention [36-38].

Most importantly, we found that B-catenin pathway could in-
duce miR-21 expression. Several studies have established that
miR-21 is induced by various stimuli. For example, Toll ligand
receptor activation by LPS upregulates miR-21 in many cells
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miR-21 or AS-miR-21 and siRNA-RECK were multisite injected into LN229
subcutaneous tumors every 3 days for 21 days. Tumor volumes were mea-
sured every 2 days during treatment. *P < 0.05 compared with scramble
group. (C) Statistic analysis of tumor weight. *P < 0.05 compared with scram-
ble group. (D) Fluorescence in situ hybridization of miR-21 expression and
immunodetection of RECK expression in xenograft tumor sections.

types, including macrophages, fibroblasts, and peripheral blood
mononuclear cells [39]. Moreover, IFN-induced miR-21 expres-
sion was also dependent on STAT3 and miR-21 plays a critical role
in suppressing IFN-induced apoptosis in prostate cancer cells [19].
In this study, we show that miR-21 is induced after B-catenin
pathway activation in HUVEC cells, and reduced after B-catenin
pathway downregulation in LN229, U251, and SNB19 GBM cells.
Thus, miR-21 is a f-catenin pathway target gene in these cells.
On the contrary, STAT3 inhibition significantly attenuated miR-
21 expression irrespective of g-catenin, which showed that STAT3
plays an important role in B-catenin-induced miR-21 expression
(Figure 3). ChIP analysis on putative STAT3 binding sites in the
miR-21 promoter showed that 8-catenin induced STAT3 simulta-
neously bind to miR-21 promoter (Figure 4). This STAT3 binding
site was previously identified by ChIP analysis in the upregula-
tion of miR-21 by IL-6 [18]. A recent study reported that miR-21
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Figure 7 Inhibition of STAT3 reduces glioma growth in vivo. (A) WP1066 or
WP1066 and miR-21 mimics were injected into LN229 subcutaneous tumors
for 21 days. Tumor volumes were measured every 2 days during treat-
ment. *P < 0.05 compared with scramble group. (B) Statistic analysis of

expression is negatively regulated by STAT3 activation in human
glioma cells, which is in conflict with our findings [17]. The role of
STATS3 activation is debatable because its overactivation has been
reported to be oncogenic in several cell lines [40,41]. Loffler et al.
showed that IL-6-dependent STAT3 activated the transcription of
miR-21 in multiple myeloma cells [18]. Yang et al. also confirmed
that IFN-induced miR-21 expression was regulated by STAT3 at
the level of the miR-21 promoter in prostate cancer cells [19]. The
possible explanation of this seemingly paradoxical role of STAT3
activation is that various intracellular and/or environmental cues
play a pivotal role in determining the outcome of pathway acti-
vation. This discrepancy may arise from the difference in cytokine
stimulus and cell type and need to be further confirmed by oth-
ers [17]. Taken together, these results for the first time show that
miR-21 is regulated by the B-catenin/STAT3 pathway.

Further, we have demonstrated in vitro and in vivo, using GBM
cells and LN229 glioma xenografts in nude mice, that the entire

© 2012 Blackwell Publishing Ltd
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tumor weight. *P < 0.05 compared with scramble group. (C) Fluorescence
in situ hybridization of miR-21 expression and immunodetection of p-STAT3
expression in xenograft tumor sections.

pathway (B-catenin/STAT3/miR-21) regulates glioma cell prolifer-
ation and invasion by directly controlling the miR-21 target, RECK
(Figures 5, 6 and 7). RECK is a membrane-anchored MMP in-
hibitor whose reduced expression or inactivation seems to be crit-
ical for the invasiveness and metastasis of various cancers, includ-
ing glioma cancer. Its expression level is also an important prog-
nostic factor for multiple cancer types [21]. Because glioma tumors
and cell lines are heterogeneous genetically, we use the different
glioma cell lines from Gabriely’s lab to identify the common ef-
fects of miR-21 on invasion. These studies further confirmed that
STATS3 is the major factor that mediates 8-catenin pathway func-
tion in glioma proliferation and invasion in vitro and in vivo.

An unresolved question that needs to be addressed is whether
B-catenin pathway drives glioma progression. An interesting find-
ing in this work is the direct relationship between miR-21 expres-
sion and the pathological grade of glioma samples (Figure 1). The
implication is that B-catenin may drive the increase in miR-21
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Figure 8 p-catenin-mediated transcriptional regulation of miR-21 via STAT3 and the role of miR-21 on the glioma malignant phenotype. Hypothetical
representation of g-catenin-mediated transcriptal regulation of miR-21 via STAT3, and the role of miR-21 in regulation of apoptosis, invasion, chemosensitivity,

and radiosensitivity of glioma cells.

expression, thereby resulting progression of the tumor to a higher
pathological grade. Alternatively, miR-21 expression may increase
during glioma progression independent of 8-catenin, however the
role of B-catenin in tumor cell invasion strongly supports its role
in glioma progression.

In summary, it has been found that the expression of miR-
21 was associated with the pathological grade of glioma and the
key roles for miR-21 in tumor-related pathways [16,42], apopto-
sis via PDCD4, caspase 9 and 3 [28-31], invasion via RECK and
TIMP [21], chemosensitivity via Bax/Bcl-2 ratio, caspase-3, and
LRRFIP1 [32-34], and radiosensitivity [35] in glioma cells (sum-
marized in Figure 8). Our study provides the first evidence that
miR-21-mediated B-catenin/STAT3 pathway-induced cell prolif-
eration and invasion via major factor STAT3 in glioma cells. Thus,
STAT3 may be a potential prognostic marker and therapeutic tar-
get for glioma.
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